Accurate segregation of duplicated chromosomes ensures that daughter cells get one and only one copy of each chromosome. Errors in chromosome segregation result in aneuploidy and have severe consequences on human health. Incorrect chromosome number and chromosomal instability are hallmarks of tumor cells. Hence, segregation errors are thought to be a major cause of tumorigenesis. A study of the physical mechanical basis of chromosome segregation is essential to understand the processes that can lead to errors. Tremendous progress has been made in recent years in identifying the proteins necessary for chromosome movement and segregation, but the mechanism and structure of critical force generating components and the molecular basis of centromere stiffness remain poorly understood.
INTRODUCTION
Accurate chromosome segregation is essential for the propagation of genetic information to daughter cells during cell division. From the earliest observations of cell division, it has been considered that an intracellular machine facilitates the equal segregation of replicated chromosomes during mitosis. The study of cell division has progressed from images of fixed, stained cells to live-cell analysis of the entire dynamic process. Advances in microscopy, molecular biology, and biophysics have enabled study of the mitotic spindle apparatus as a dynamic structure in living cells at the molecular level. As we complete the "parts list" of the mitotic spindle (i.e., DNA, RNA, and proteins) obtained through genetic and biochemical approaches, the mechanical features of this exquisite machine begin to unfold. The segregation apparatus is a composite of rigid microtubule (MT) struts that are strong in compression, elastic pericentric chromatin that is strong in tension, and the proteinaceous kinetochore that bridges these two polymers. The mitotic spindle is a remarkably weak machine that does an equally a b remarkable job of high-fidelity partitioning of duplicated chromosomes to daughter cells. This review details the properties of the major polymers and discusses how these protein assemblies function and interact with each other to assemble the spindle by prophase, maintain a stable structure through metaphase, and complete chromosome segregation through spindle elongation in anaphase. We focus on budding yeast as the primary organism in which to describe mitosis for the simplicity in its design. The entire yeast spindle is comprised of approximately 40 MTs (92), vs up to 100 times that in Ptk1 (mammalian) cells (see Figure 1 ). One nuclear microtubule attaches to each chromosome (kinetochore microtubule), four nuclear microtubules from each spindle pole extend toward the opposite pole, comprising interpolar microtubules, and two or three cytoplasmic microtubules direct spindle positioning. This extraordinary simplicity of the budding yeast spindle allows the role of chromatin as a mechanical element of the mitotic spindle to be directly observed with striking clarity. From a mechanical perspective, we have an opportunity to understand the relative contributions of each of the major components in a system where the connections between these structures are streamlined to unit values. The basic principles deduced from the function of this primitive spindle are remarkably conserved throughout phylogeny and are applicable to understanding form and function of mitotic spindles in all eukaryotes.
YEAST MITOSIS: GENETICS TO CELL BIOLOGY TO BIOPHYSICS
Budding yeast divide as haploids or diploids, bearing 16 or 32 chromosomes, respectively. In the G1 phase of the cell cycle, cells are unbudded and contain one microtubule organizing center [denoted the spindle pole body (SPB)] and one copy of the genome (1 × 10 7 bp/haploid cell). Commitment to cell division occurs at the G1/S transition known as START (41) . START initiates three separate, parallel pathways: bud formation, DNA replication, and SPB duplication (41) . S phase cells are apparent by their small bud size. While DNA is replicated, the bud continues to grow, and spindle pole bodies separate from each other to form a bipolar spindle.
Transition from S phase to G2/M is characterized by the completion of DNA replication, formation of a 2 μm bipolar spindle, and attachment of sister chromatids to the mitotic spindle. Sister chromatids can become attached to the spindle prior to the completion of DNA replication due to the close proximity of centromeres to early firing origins of replication. This suggests that S phase and M phase may partially overlap in normally dividing budding yeast (39, 70) .
The budding yeast spindle reaches a length of approximately 7-9 μm in late anaphase, spanning the mother-daughter axis. This distance is sufficient to segregate kinetochores and the centromeres to which they are bound; however, the segregation of chromosome arms is spatially and temporally distinct from centromeres due to the extreme length of the arms. A typical yeast chromosome (∼1.0 MB) is 340 μm in its B-form configuration, approximately two orders of magnitude longer than the half-spindle. Several mechanisms are likely to contribute to the accurate segregation of chromosome arms preceding cell separation. First is chromatin compaction. The packaging of DNA into a 30-nm fiber folds B-DNA about 42 times (7X-B-DNA to nucleosomal, 6X-nucleosomal to 30-nm solenoid). We therefore consider segregating an 8 μm 30-nm fiber rather than a 340 μm 2-nm fiber. A second compaction mechanism is the tendency for DNA to adopt a random coil. Chromosomes are very soft structures with a modulus of elasticity (Young's modulus) comparable to soft rubber (∼400 Pa) (68) . A prominent feature of soft materials is that their behavior is dictated by entropic forces. The entropic elasticity of chromosomal DNA acts to "reel" the arms in to the spindle pole, just as one end of a spring recoils when the other end is pulled to a fixed point (97) . This entropic recoil of chromosomal DNA has recently been Young's modulus: a physical measure of the material properties of a substance; the relation of stress (distribution of force per unit area; F/A) to strain (a geometric expression of deformation, length/total length) demonstrated as a potential mechanism for the segregation of replicated DNA in bacteria (55) . A third potential force for compaction is entropic contraction that can be generated by an osmotically swollen polyelectrolyte gel such as the chromosome. Mammalian mitotic chromosomes are compacted to ∼1 μm diameter by 10 μm length. Recent studies have shown that mitotic chromosomes behave as cross-linked chromatin networks with respect to their bending modulus, rather than as loops tethered to a mechanically contiguous internal scaffold (104, 105) . As the chromosome swells and contracts throughout mitosis, this contractile gel provides a potential source of force generation in the spindle (77, 135) .
Completion of chromosome segregation is marked by the movement of telomeres and the nucleolus to the daughter cells. Cytokinesis follows, separating the cytoplasm into two discrete compartments. Cell division is complete when cell abscission, dissolution of cell wall material joining the cells, is completed. The newly formed cells may remain senescent or, given sufficient nutrients, enter into another cycle of cell division.
THE MITOTIC SPINDLE APPARATUS: THE PARTS LIST

Spindle Pole Bodies
The budding yeast spindle contains two microtubule organizing centers known as spindle pole bodies (15, 133) . As yeast carries out a closed mitosis (no nuclear envelope breakdown), the SPBs are embedded in the nuclear envelope. Electron microscopy reveals that the SPB consists of six plate-like structures or plaques that are approximately 150 nm in diameter with a total thickness of 200 nm (13, 81, 91) . The layers exposed to nucleoplasm and cytoplasm, nucleate nuclear and cytoplasmic (astral) microtubules, respectively. Besides their obvious structural role, the spindle pole bodies also serve as a physical platform for regulatory mechanisms during mitosis (80 
Microtubules
Microtubules are polar, dynamic polymers (50) . Heterodimers of alpha and beta tubulin are added or removed from the polymer, leading to microtubule lengthening or shortening, respectively (78, 131) . Owing to the closed mitosis, the budding yeast spindle consists of two classes of microtubules: cytoplasmic microtubules nucleated by the outer plaque of the SPB, and nuclear microtubules that are nucleated by the inner plaque within the nucleus. The minus ends of nuclear as well as cytoplasmic microtubules are stably anchored to the SPB, and these ends do not exhibit any polymerization dynamics. Both classes of microtubules contribute to the fidelity of chromosome segregation in roles specific to their compartmentalization. Cytoplasmic microtubules interact with the cell cortex via the minus end-directed microtubule-based motor, dynein, to position the nucleus at the future site of cell division (bud neck) (98) . During chromosome segregation, cytoplasmic microtubules contribute to the alignment of the elongating spindle along the mother-bud axis. Nuclear microtubules perform three primary functions: spindle formation, kinetochore attachment, and chromosome segregation (see below) (49) . In budding yeast, the minus ends of microtubules are embedded in the spindle pole body, and microtubule plus ends are oriented away from spindle pole bodies (92) . Minus ends are static (no tubulin subunit turnover) in yeast, whereas plus ends are dynamic (63) . Thus, flux mechanisms for microtubule transport are unlikely to contribute to yeast mitosis (63, 65) . Microtubule dynamics are described in terms of the velocity of microtubule growth and shortening and the frequency of switching between these two states (rescue is the transition from shortening to growth; catastrophe is the switching from growth to shortening) (75, 130) . These parameters are influenced by the local environment of the microtubule plus end, i.e., the constellation of microtubule-associated proteins, insertion into the centromere kinetochore, or proximity to the cell cortex.
There are two subgroups of nuclear microtubules: interpolar and kinetochore microtubules (134) . Interpolar microtubules are nucleated from opposing poles, and these two sets of antiparallel microtubules interact with each other to provide a linkage between the two halves of the spindle. These microtubules do not interact directly with kinetochores or sister chromatids. Electron microscopy of nuclear microtubules reveals that approximately four microtubules from each spindle pole body form a bridge spanning the nucleus (134) . These microtubules are antiparallel (opposite polarity), and are regularly spaced from each other, suggesting they are cross-linked by microtubule-associated proteins. The entire spindle is 250 nm in diameter, with the nuclear microtubules flared approximately 10
• from the spindle axis as they extend away from the spindle pole and toward the opposite pole. By fluorescence microscopy, the group of 16 kinetochore microtubules in each half-spindle appears (using Tub1-GFP) as short tufts, 350 nm in length. Thus the bipolar spindle appears as a bi-lobed structure with kinetochore microtubule tufts emanating from each pole, leaving a gap of about 800 nm in the spindle midzone where overlapping interpolar microtubules are visible. Although the kinetochore microtubules are dynamically unstable, they rarely shrink to the pole; instead they exhibit frequent short excursions of shortening followed by growth (96) .
Microtubule Motor Proteins
Budding yeast has six kinesin motors (Kip1p, Kip2p, Kip3p, Cin8p, Kar3p, and Smy1p) and one dynein motor (Dhc1p) (44) . All of these, except Smy1p, function during mitosis (60) . Microtubule motors are required for the essential mitotic processes of bipolar spindle formation, spindle positioning, metaphase spindle stability, and anaphase (i.e., spindle elongation). The kinesins relevant in the metaphase spindle are Kip1p, Cin8p, and Kar3p.
Cin8p and Kip1p belong to the BimC/ kinesin-5 family of motors. Neither is essential, indicative of the redundancy in their functions (47) . The Drosophila Kinesin-5 homolog, KLP61F, forms a homotetrameric complex that allows for the cross-linking of microtubules (21) . Cin8p and Kip1 are localized to the spindle where they may act as microtubule cross-linking intermediates. The Xenopus homolog Eg5 exhibits plus end-directed motility, suggesting that Cin8 and Kip1p would likewise have plus end-directed motility (36, 113) . Molecular motors can develop forces in the range of a few piconewtons (pN). Using quantitative, ratiometric measurements of Cin8p-GFP, we estimate that ∼20 Cin8 homotetramers populate each half-spindle (A. Joglekar & K. Bloom, unpublished) . Assuming these motors cross-link antiparallel microtubules, they can generate on the order of 120-140 pN of spindle force. These motors may also contribute to the fusiform shape of the spindle via interactions between parallel microtubules.
Kar3p is in the kinesin-14 family of motors, which have the motor domain at the C-terminus and exhibit minus end-directed motility. In contrast to the BimC motors, Kar3p forms heterodimers with the accessory proteins Cik1p or Vik1p that exhibit minus enddirected motility (67, 73) . These accessory proteins provide key functionality to Kar3p's function. Cik1p targets Kar3p to microtubule plus ends (118) , whereas Vik1p has surprisingly similar structural features to Kar3p, which provides an opportunity for cooperative binding of Kar3p to the microtubule lattice (1). Vik1p lacks an active site for ATP hydrolysis and promises to yield important insights into the structure and evolution of motors and their accessory proteins. Cells lacking both Cin8p and Kip1p are not viable but deletion of KAR3 suppresses this lethality, suggesting that the minus enddirected motor Kar3p provides an inward force that opposes the outward force generated by Cin8p and Kip1p (112) . In support of the prediction that Kar3p provides an inwardly directed spindle force, overexpression of Kar3p produces shorter spindles (111) . However, in contrast to this prediction, spindles in kar3 mutants are short (94, 118, 137) . Thus, the role of Kar3p in the balance of spindle forces that determine mitotic spindle length and stability was unclear.
To understand the site of Kar3p's function in the spindle, a dicentric chromosome has been used to physically restrain spindle elongation in anaphase (32) . When the two centromeres from the same sister chromatid attach to opposite poles, anaphase spindle elongation is delayed and a DNA breakage-fusion-bridge cycle ensues that is dependent on DNA repair proteins (12) . Cell survival after dicentric chromosome activation requires Kar3p (and the microtubule-associated proteins, Bim1p and Ase1p) (32) . In the absence of Kar3p, anaphase spindles are prone to collapse and buckle in the presence of a dicentric chromosome. Kar3p contributes to spindle stability by cross-linking spindle MTs. kar3 mutants show splaying of anaphase ipMTs, likely because of improper ipMT bundling as mediated by Kar3p-Cik1p complexes at the plus ends of ipMTs. Poor ipMT bundling in kar3 mutants prevents proper antiparallel binding of the kinesin-5 motors and therefore results in reduced outwardly directed spindle forces. This explains the longstanding enigma of how spindle lengths could be shorter in kar3 mutants even though Kar3p could act to resist outwardly directed spindle forces when ipMTs are properly bundled.
Microtubule-Associated Proteins
Microtubule plus ends as well as the lattice are decorated by several plus end-binding proteins that regulate microtubule polymerization dynamics, as well as the duration of growth and shortening events. With respect to the spindle and kinetochore function, these proteins are critical for spindle structure and stability as well as for the microtubule attachment site at the kinetochore. CLIP-170 is an MTbinding protein that was originally characterized as a linker between MTs and membranes in metazoan cells (129) . Bik1p, the CLIP-170 ortholog in budding yeast, contributes to the maintenance of depolymerizing MTs at sites of cortical growth in mating yeast (5, 61, 79) (61, 120) . This study revealed a unique subset of chromosome segregation genes essential for the survival of polyploid cells including several other MAPs (microtubule-associated protein) (e.g., Bim1p and Sli15p). Bim1p, the EB1p ortholog, decorates microtubulegrowing plus ends in vegetative (127) and mating cell growth (64) . Both Bik1p and Bim1p are also required for cell survival following activation of a dicentric chromosome, as described above for Kar3p (32) . Thus two different assays that increase load on the spindle in different ways reveal critical roles for accessory MAPs in spindle/kinetochore functionality. Ase1p is another MAP that is critical for maintaining a stable bundle of overlapping antiparallel microtubules. The molecular mechanisms of the function of the fission yeast homolog of Ase1p have been characterized through computer modeling and high-resolution microscopy (51). The Dam1/DASH complex (an oligomer with 10 subunits) has also been shown to be critical for spindle integrity, although it is also a critical linker protein that facilitates kinetochoremicrotubule attachment (see below). 
Radius (cellular or nuclear)
Figure 2
Radius of gyration (nm) for random polymers with persistence length of DNA (50 nm) for E. coli, yeast, and mammalian chromosome (blue diamonds). Radius of the cell or nucleus (nm) for E. coli (cellular), yeast, and mammalian cell (nuclear) ( purple squares). Radius of gyration = R ee / √ 6; end-end radius R ee 2 = nb 2 ; n = number of segments, b = 2 × persistence length.
DNA
In vertebrates, chromatin plays a direct role in initiating spindle assembly through the RAN pathway that promotes nucleation of microtubules in the vicinity of the chromosomes. Along with the pre-existing microtubule arrays emanating from the duplicated centrosomes in mitotic cells these newly nucleated microtubules are integrated to form and stabilize the bipolar array seen in a mitotic spindle. In most studies of the mitotic spindle, the chromosomes are thought of as passive cargo for the spindle apparatus without much direct influence on its mechanical properties. However, from a design perspective, DNA is an important mechanical element of the architecture of the spindle. The chromatin architecture in budding yeast is just beginning to be dissected, largely due to the efforts of Straight and colleagues to apply GFP-tagging techniques for chromosome visualization (121) . Although yeast chromosomes may not be compacted to the extent observed in metazoa (40), changes in the nucleosomal compaction have a dramatic effect on spindle length control in budding yeast (10) . Furthermore, chromatin is an elastic element in the spindle, as evidenced by the antagonism observed between chromatin-based inward force and Kinesin-5-based outward force (Cin8p, Kip1) (10). Thus, not only microtubules (38) but also DNA contribute to metaphase spindle length control, and the basic mechanical properties of chromatin become relevant in describing the contributions of chromatin to spindle stability in budding yeast. The mechanical properties of DNA can be understood from the perspective of a longchained polymer. DNA can be thought of as a stiff, but jointed spring (23) . It is jointed in the sense that the chain of nucleotides is long and flexible over the length of the chromosome. However, rather than being jointed between each base along the phosphate backbone, the joints are roughly every 50 nm (∼150 bp) (see Figure 2) . A 150-bp segment is on average linear and defines the persistence length of DNA. DNA is also very long, such that an ANRV361-GE42-13 ARI 27 July 2008 11:0 average chromosome in yeast contains 3333 (500,000 bp/150 bp) of these "straight" segments, known as the contour length. Because the segments are freely jointed, each segment is free to swivel in three dimensions. A polymer chain of this composition behaves as an entropic spring. The polymer will adopt a conformation where each segment has the largest range of motion, or highest entropy. One can calculate the dimension of the theoretical sphere such a chain will occupy if there are no forces beyond thermal motion. The radius of this sphere is the radius of gyration (Rg) and is equal to R(end-end distance)/ √ 6 Rg (Re 2 = nb 2 , = 3333 × 100 2 = 5773 nm or ∼6 μm). For a typical yeast chromosome Rg = 6/2.45 = 2.45 μm. This is over twice the radius of the nucleus in yeast (see Figure 3) . For a typical human chromosome Re = 800,000 × 100 2 = Contour length: the total length of a polymer
Radius of gyration:
the radius of random coil that a polymer adopts in the absence of external force; dictated by the persistence length and contour length of a polymer 90,000 nm = 90 um = 90/2.45 = 36 μm. The chain can be stretched with very little force, in the range of thermal forces. One can estimate the spring constant of this polymer using the general theorem (Langevin function) that relates thermal fluctuations at equilibrium to the rate of approach to equilibrium. When a polymer such as DNA is stretched to its B-form length it exerts a force proportional to 3 K B T/nb 2 . Typical entropic spring constants are fractions of pN/nm. We can use this equation to calculate the spring constant for 10 kb of naked DNA as 3 * (4 pn nm)/33 * 100 2 = 0.036 fn/nm. Upon stretching (to B-form) and release, DNA will recoil with this spring constant. Future experiments must consider and evaluate the mechanical properties of chromatin (i.e., the track) to fully understand how polymerases (i.e., the engines)
Figure 3
Entropic DNA spring (reprinted from Reference 64a). DNA prepared from Escherichia coli reveals supercoiled loops emanating from a central core (55a) . Eukaryotic chromosomes are organized as loops of loops emanating from a nonhistone protein scaffold (29a). The inset is a biophysical representation of the physical nature of DNA. DNA has a persistence length of 50 nm ( = 150 bp), depicted by stiff paper clips (in color). The contour length of DNA in a typical eukaryotic chromosome is on the order of hundreds to thousands of kilobase pairs. DNA in the chromosome is a freely jointed chain of many "straight" paper clips linked together.
ANRV361-GE42-13 ARI 27 July 2008 11:0 perform their biochemical function. In the case of the mitotic spindle, we must also consider how the tendency to adopt a random coil (Figure 3) contributes to the balance of forces between DNA, microtubules, and motor proteins achieved in mitosis.
Structure and Function of the Inner Centromere DNA
The budding yeast centromere consists of 3 centromere DNA elements (CDEI, CDEII, and CDEIII), spanning 125 bp, which are conserved across all 16 chromosomes (31). Because of its remarkably small size, the centromere is commonly referred to as a point centromere, whereas the centromeres of other eukaryotes are considered regional centromeres, spanning anywhere from a few kilobases to several megabases (20) . Although the sequence or composition of centromeres in many organisms has been identified, the physical structure and organization of this region of chromatin DNA in vivo is not well understood. Centromeres in all eukaryotes have at least one nucleosome containing a histone H3 variant (Cse4p in budding yeast; CenpA in mammals). This specialized nucleosome appears to be critical in defining the centromere functionally, possibly through facilitating the deposition of kinetochore proteins at the centromere. It is also the case that this specialized nucleosome adopts a unique conformation, perhaps even split into two hemisomes (26) , with its own chaperone and assembly and disassembly pathways [Cac1, Hir1 (114) , and Scm3 (16, 76, 119) ].
The replacement of H3 with Cse4p results in a significant difference in the trajectory of histone tails, which have the greatest interactions with the DNA (8). Cse4p tails are predicted to guide centromeric DNA in a specific path as it enters and exits this nucleosome. This path aligns centromere-flanking sequences in close proximity to each other near the centromere. Assuming nucleosomal compaction of pericentric chromatin, the width of the chromatin fiber entering/exiting the kinetochore would be approximately 22 nm, roughly that of the 25-nm diameter of a microtubule.
The proposal that pericentric chromatin is paired via intramolecular linkage provides a mechanical basis for the inner centromere (8, 136) . The inner centromere is a 14-20-kb region that is paired through intramolecular interaction. The apex of this loop is a conserved Cse4 nucleosome that is the base of a microtubule attachment. From a mechanical perspective, a twofold increase in the radius of a filament increases its stiffness 16-fold (r 4 ). Thus a pericentric chromatin loop confers strength to the region of the chromosome subject to mitotic force. In budding yeast, this apex is demarcated by the 125-bp core sequence. In higher eukaryotes chromatin loops have been reported by Zinkowski & Brinkley (138) .
Pericentric chromatin is composed of a highly ordered array of nucleosomes, as assayed by micrococcal nuclease mapping of nucleosome position (7) . When tension is applied to the sister chromatid pair, pericentric chromatin structure may be altered through the dissociation of nucleosomes, or partial unraveling of DNA around nucleosomes (97) . The pericentric chromatin loop is a source of flexibility in the spindle. Kinetochore oscillation has been observed in mammalian cells (115) and, more recently, in yeast over a dynamic range of 50-800 nm (97) . A change in the fraction of inter-vs intrachromatid cohesin of pericentric chromatin will displace the centromere, and thus the kinetochore, toward or away from the spindle midpoint. Alternatively, the fraction of pericentric chromatin paired via intrachromatid cohesin does not vary, but the chromatin is elastic because of nucleosome release or assembly. Release of a single nucleosome results in a 65-nm extension (from nucleosomal to B-form DNA). Loss of 20 nucleosomes (from each side of the centromere) increases sister centromere separation by 650 nm. On the basis of centromere DNA dynamics in live cells (97) , we estimate that the transition between intra-and interchromatid cohesion is on average 7 kb from the centromere. This translates to ∼90 nucleosomes in the C-loop ANRV361-GE42-13 ARI 27 July 2008 11:0 (2 × 7000 bp/160 bp of nucleosomal + linker DNA). Loss of ∼20% of the nucleosomes in the area of intrachromatid cohesion is enough to provide the full dynamic range of separation observed in living cells. This model makes two important predictions. One is that chromatin remodeling complexes found at the centromere (114) function in nucleosome reassembly upon loss (or decrease) of tension. Second, the amount of DNA in the C-loop is restricted.
If the transition between intra-vs intermolecular pairing is fluid, increased force at the kinetochore will promote flow of DNA into the C-loop. In this situation, there will be little or no opportunity for change in tension between sister chromatids as a function of chromatid separation. Alternatively, the transition is not fluid, and the amount chromatin in the Cloop is invariant. In this case, chromatin compaction and/or nucleosome density may change as a function of change in tension. This model identifies an important site for tension-sensing in the inner centromere, and predicts that proteins at the pericentric chromatin/chromosome arm junction are important for segregation function.
The localization of passenger proteins to the inner centromere in mammalian cells and their role in correcting improper microtubule attachments to the kinetochore further suggest that the inner centromere is the site of tension sensing required to satisfy the spindle checkpoint (22) . A change in pericentric chromatin structure, due to the mechanical strain placed on it, may lead to inactivation of regulatory kinases such as Ipl1p/Aurora B. Alternatively, a lack of strain (tension) in the chromatin would activate Ipl1p/Aurora B to destabilize the microtubule attachment through phosphorylation of outer kinetochore proteins.
Kinetochores
The plus ends of kinetochore microtubules are associated with a large, multiprotein, DNAbound complex known as the kinetochore [see (17, 18) for a recent review]. Over 70 proteins have been characterized as kinetochore proteins based on their localization, interaction with the centromere (whether direct or indirect) as detected by chromatin immunoprecipitation, and copurification with other known kinetochore proteins (42, 69) . Additionally, deletion of nonessential kinetochore genes and conditional alleles of essential kinetochore genes exhibit increased rates of chromosome loss (57) . Biochemical analysis of kinetochore proteins purified from yeast extracts reveals the presence of five major subcomplexes within the kinetochore. Kinetochore proteins have been assigned to "inner," "mid," or "outer" complexes. Inner kinetochore proteins are most closely associated with centromeric DNA, outer kinetochore proteins most closely associated with microtubule plus ends, and the mid-kinetochore class constitutes the balance of kinetochore proteins that likely link the inner and outer kinetochore protein complexes.
The inner kinetochore proteins include the CBF3 complex, a centromere-specific nucleosome containing the H3 variant Cse4p (see above), and another DNA-binding protein Mif2p (homolog of vertebrate CENP-C) (59, 72, 109) . These complexes associate directly with the budding yeast point centromere.
The single Cse4p-containing nucleosome at the budding yeast centromere raises the possibility that only one such Cse4p nucleosome is required per microtubule attachment (since only one microtubule attaches at each centromere) (54) . Determination of the number of CENP-A nucleosomes, and their positioning, in other eukaryotes may clarify the relationship between CENP-A number and the number of microtubule attachments (54) . In fission yeast, despite a large central centromere core (4-7 kb) where the CENP-A homolog (Cnp1p) can bind, there are only three nucleosomes of Cnp1p per chromosome, equal to the number of kinetochore microtubules (53) . This remarkable conservation of the kinetochore protein architecture between point and regional centromeres strongly suggests that the each microtubule attachment is likely supported by a single CENP-A nucleosome, perhaps even in metazoan centromeres. The CBF3 complex is composed of three core proteins, Cep3p, Ndc10p, Ctf13p, and two regulatory subunits, Skp1p and Sgt1p. Binding of this complex to the yeast centromere introduces a 60
• bend in the pericentric DNA (100). This bend may promote the formation of an intramolecular loop (136) , which increases the rigidity of pericentric chromatin (see above). The structure of one of the CBF3 proteins, Cep3p, has recently been determined (4, 106) . CEP3 weakly binds to a small region of the centromere containing the highly conserved CDEIII DNA sequence element. A model to reconcile Cep3p binding and the presence of the Cse4 nucleosome at this locus can be deduced from recent studies indicating the instability of the Cse4 nucleosome (26) . The Cse4 nucleosome is unstable and readily splits into two hemi-nucleosomes. Micrococcal nuclease digestion indicates that the CDEIII DNA element is midway around the nucleosomal DNA (9) . Upon splitting of the nucleosome, CDEIII is predicted to be exposed, thus available for Cep3p binding (see Figure 4) . This configuration predicts that the linkage for stable attachment of the kinetochore to the DNA is provided by a clasp-like structure that encircles a small region of the centromere. Other members of the CBF3 complex likely make additional contacts with centromere DNA as well as with histones, thereby strengthening this connection.
The three DNA-binding components of the kinetochore recruit the "mid-kinetochore" or linker protein complexes, Ctf19p and Mtw1p. In higher eukaryotes, these complexes along with the inner kinetochore proteins exhibit a constitutive localization to the kinetochore, whereas the outer kinetochore proteins are recruited to the kinetochore only during mitosis. In addition to serving as linkers between the inner and outer kinetochore components, these proteins also play a role in the spindle assembly checkpoint signaling. Another protein complex, Spc105p, also serves as a linker protein, although it is not a constitutive component of the kinetochores in fission yeast and in higher eukaryotes. Furthermore, the homolog of this protein, KNL-1 possesses a weak microtubulebinding activity (17a).
The outer kinetochore protein complexes NDC80 and Dam1/DASH form the core microtubule attachment site at the kinetochore. The NDC80 complex is a bona fide kinetochore protein complex, with localization that is exclusive to the kinetochores. It is subject to cell cycle-dependent phospho-regulation, and it likely plays an important role in regulating the behavior of the kinetochore (27, 29) . The Dam1/DASH complex, on the other hand, is a microtubule-associated protein (MAP) complex. It localizes stably to the kinetochores in metaphase, but migrates along the spindle microtubules in anaphase. Recent studies using electron microscopy have revealed that the Dam1/DASH complex can form rings that encircle the microtubule lattice in vitro (74, 132) . This striking observation opens up the possibility that the kinetochore uses a novel coupling mechanism to harness the lattice energy that is released as a microtubule plus end depolymerizes. Further in vitro studies of the microtubule plus end-coupled motility supported by recombinant Dam1/DASH complex also reveal that this motility can be supported by Dam1/DASH complex rings as well as by other configurations of the Dam1/DASH complex (such as patches or nonencircling helical oligomers) (35) . However, theoretical studies indicate that the various binding modes will exhibit distinctly different motility and force generation characteristics (30) . Along with microtubule depolymerization-coupled force generation, the Dam1/DASH complex may also provide the critical function of increasing the rescue frequency for the microtubule plus end in a tension-dependent manner.
Chromatin
Although DNA is a flexible, yet stiff spring, its compaction into the chromosome results in a hydrated, protein-DNA complex that is more like a soft, elastic gel (68, 103) . In addition, chromosomes have a dynamic structure that is constantly changing. Our challenge is to deduce how the structure of the chromosome influences processes such as tension sensing, anaphase force generation at centromeres, and chromosome arm recoil. A typical mammalian chromosome is compacted into a cylinder that is 1 μm in diameter by approx. 10 μm in length. In cells, chromosomes exhibit mechanical properties consistent with the elastic core being organized throughout the entire cross-sectional area of the chromosome rather than a thin proteinaceous scaffold at the base of floppy DNA loops (2, 56, 102, 105). Among the major proteins that contribute to the mechanical properties of the chromosomes are SMCs (structural maintenance of chromosomes) (58) . SMC proteins exist in the cell as large multisubunit complexes. The condensin complex is essential for maintaining chromosome axis elasticity and chromosome shape (2). This complex is comprised of five major proteins, Smc2p-Smc4p-Ycs4p-Brn1p-Ycg1p (45, 46) . The SMC complex that holds sister chromatids together prior to anaphase onset is cohesin (84, 93) . Cohesin consists of two members of the SMC family of ATPases, Smc1p and Smc3p, and two kleisin subunits, Mcd1p/Scc1p and Scc3p. At anaphase onset, Esp1, a protease inhibited by Pds1p binding, is liberated and cleaves Scc1p. This cleavage dissolves the physical linkage between sister chromatids and allows them to separate from each other. The cohesin-dependent linkage of sister chromatids is critical to their biorientation, and the generation of force at the kinetochore required to satisfy the spindle checkpoint (65) . During mitosis, cohesin removal must take place if chromatid segregation is to occur. In vertebrate systems, cohesin removal from sister chromatids is regulated by two pathways (62, 123) . One pathway consists of the bulk of cohesin dissociating from chromosome arms during prophase and is dependent on the polo-like kinase Plk1 (124) . This process, termed chromatid individualization, causes sister sequences on chromatid arms to appear separated by up to 0.5 microns (83). The second pathway of cohesin removal from chromosomes depends on the proteolytic cleavage of the cohesin subunit Scc1 (Rad21, Mcd1) (128) . Cleavage of Scc1 is mediated by the cysteine protease separase at the onset of anaphase and is thought to remove the remaining cohesin from sister chromatids prior to segregation. (48, 71) . Originally shown to be at the centromeres of meiotic chromosomes in fission yeast, mammalian Sgo1 has recently been shown to be present along chromosome arms from mitotic prophase on into metaphase (37, 82) . Additionally, chromosome spreads from mammalian cells depleted of Sgo1 using RNAi and subsequently arrested in metaphase display an increase in completely separated sister chromatids (126) . Sgo1 may play an essential role in cohesion maintenance along the length of sister chromatids throughout prometaphase and metaphase.
Although individualization has been studied in higher eukaryotes, such a phenomenon has not been observed in budding yeast. Unlike vertebrate systems, direct visualization of single chromosomes in yeast is not possible using light microscopy. Yeast chromosome visualization has been limited to the integration of lac operator (E. coli lacO) arrays that are bound by GFP-tagged lac repressors (lacI-GFP) (121, 122) . In live cells these arrays appear as spots under the fluorescent microscope. However, using quantitative high-resolution digital microscopy, we have recently shown that chromatid individualization, prior to anaphase, is a feature of yeast mitosis as well (B. Harrison & K. Bloom, unpublished).
BUILDING A MITOTIC SPINDLE AND SPINDLE FUNCTION Building Spindles
Spindle formation requires the duplication of the spindle pole body inherited from the previous cell cycle. By electron microscopy, the "old" spindle pole body forms a half-bridge in early G1 that elongates and accumulates additional material. This additional material forms a satellite plaque resembling a spindle pole body, except that it is located in the cell's cytoplasm. Eventually, this plaque is inserted into the nuclear envelope, where it matures and eventually nucleates microtubules into the nucleus (3).
Duplication of the spindle pole body appears to be a conservative process. In nearly all cells, the "old" pole is inherited by the bud during mitosis (99) . It is unclear whether this pattern of inheritance is the result of an epigenetic mark on the spindle pole body, or if it is itself an epigenetic marker for other processes within the cell.
Immediately following duplication and insertion into the nuclear envelope, the two spindle pole bodies are nearly adjacent. This positioning means that their nuclear microtubules will be nearly parallel to each other, rather than the antiparallel orientation of the metaphase and anaphase spindles. The duplicated SPBs move away from each other in a microtubule-dependent fashion with help from motor proteins and MAPs (52) . Treatment of spindles with the microtubule poison, nocodazole, results in the collapse of spindle pole bodies. The poles do not randomly diffuse around the nuclear envelope in the absence of ANRV361-GE42-13 ARI 27 July 2008 11:0 microtubules, suggesting that organized movement is required for proper spindle pole body orientation. Spindle pole bodies are able to orient themselves into a bipolar spindle in the absence of DNA replication, absence of sister chromatid cohesion, and in kinetochore mutants, suggesting that proper kinetochore attachments are not required to facilitate spindle formation and the orientation of poles to opposite ends of the nucleus.
Establishing Correct Attachments
Shortly after spindle pole body duplication, nuclear microtubules engage in two processes: establishment of a bipolar spindle and capture of sister chromatids. Electron microscopy of this process suggests that microtubules are crosslinked during this time, while spindle pole bodies are oriented to opposing sides of the nucleus. It remains unclear whether kinetochore attachments are established at this time or if a bipolar spindle must first be formed. During a search-and-capture process, microtubules plus ends interact with centromeres through association of kinetochore proteins. Although the kinetochores in metazoa possess the ability to induce microtubule nucleation (directly at the kinetochores or in the vicinity) (66) , this ability is absent in budding yeast and fission yeast (125) . The assembly order of the kinetochore complex is not clearly established. Models can be divided into centromerecentric and microtubule-centric classes. The centromere-centric model is based on the result that the vast majority of kinetochore proteins that are found to associate with the centromere by chromatin immunoprecipitation in nocodazole-treated cells. This suggests that the kinetochore can assemble at the centromere and persist until chance encounters with a microtubule.
While several kinetochore proteins can associate with the CEN in a microtubuleindependent manner, it is not clear if this is the normal course of events in cells. In fact, a number of kinetochore proteins have been found to associate with microtubules in a centromere-independent manner, giving rise to a microtubule-centric model for kinetochore assembly. Among these proteins are members of the inner kinetochore complex CBF3, suggesting that the formation of a partial or possibly complete kinetochore may be possible in the absence of centromere binding (11) . The possibility remains that the kinetochore may form in a centromere-independent manner. In this case, the centromere would then be found by kinetochore proteins already associated with dynamic microtubules.
A third model explaining kinetochore formation embraces both models. It proposes that part of the kinetochore is assembled at the centromere and part at the microtubule. A kinetochore is formed when these two halves find each other. This model is supported by data describing how improper attachments are corrected. Phosphorylation of Dam1p by the Ipl1p (Aurora B) kinase leads to weakened interaction between the DAM/DASH complex and the Ndc80/Nuf2 complex. Accordingly, kinetochore assembly would require the centromereassociated kinetochore proteins to be found by the microtubule-associated kinetochore proteins.
Recognizing and Correcting Incorrect Attachments
Kinetochore attachments are only productive if they result in the equal segregation of chromosomes in anaphase. Therefore, the cell must recognize attachments that are not amphitelic. In budding yeast, where only one microtubule binds at each kinetochore, the most frequent attachment error is syntelic attachment. In other eukaryotes, merotelic attachments may also occur and must be recognized and corrected by the cell.
Proper attachments bear two hallmarks, both necessary to satisfy the spindle checkpoint before a cell enters anaphase. First, a microtubule must be associated with the kinetochore. Second, that microtubule attachment must generate tension. Sister chromatids having mono-attachments or syntelic attachments ANRV361-GE42-13 ARI 27 July 2008 11:0 will not have tension at their kinetochores. In both cases, the cell cycle is delayed until the error is corrected (6, 48) . Correction of mono-attachment is carried out by simply delaying anaphase, giving the cell more time to establish attachments at the unattached kinetochore. Syntelic attachments are corrected by Ipl1p-dependent destabilization of the attachment. Recently, it was shown that Ipl1-dependent destabilization of kinetochore attachments results in cell cycle delay by the creation of mono-oriented sisters, rather than a direct tension-dependent signal to the spindle checkpoint (101) .
The question of how tension is sensed at a kinetochore attachment remains unanswered. It has been proposed that Ipl1p is a part of a tension-sensing complex with Sli15p (INCENP) and Bir1p (Survivin) (110) . If this complex directly senses tension, then it also positions Ipl1p to immediately act when tension is not sensed. The mechanical strain applied to this complex might result in the regulation of Ipl1 activity. This regulation could occur through control of kinase activity, or spatial regulation of the complex. Ipl1p kinase activity is modulated through Sli15p association, suggesting a possible means of regulation. Additionally, Ipl1p has been reported to dissociate from the kinetochore upon biorientation (14) .
The Role of Microtubule Dynamics Regulation in Spindle Function
During most of the cell cycle, nuclear microtubules are dynamic. Microtubule dynamics are important for the formation of attachments to sister chromatid centromeres, and the production of tension at kinetochores. Unlike many other eukaryotes, in budding yeast only microtubule plus ends are dynamic. Turnover at the minus end, which appears embedded in the spindle pole body, has never been observed. Stability of microtubule minus ends simplifies the study of microtubule dynamics in this organism.
The metaphase spindle maintains a stable spindle length in budding yeast (like most other eukaryotes). It had long been thought that spindle stability was a result of the stable crosslinking of interpolar microtubules. This model suggests that interpolar microtubules would also be stable, whereas kinetochore microtubules are dynamic. More recently, the dynamics of all nuclear microtubules has been observed in preanaphase cells. These findings raise the question of how interpolar microtubules contribute to spindle stability when they are themselves dynamic is not clear. At anaphase onset, Cdc14p phosphatase activity is required for nuclear microtubule stabilization (43) . Cdc14p is released as part of the FEAR and MEN pathways, and contributes to a number of events at the completion of mitosis (25) .
Anaphase A (the shortening of kinetochore microtubules) happens concurrently or shortly after anaphase B (spindle elongation) in budding yeast (97) . This infers that kinetochore microtubules are only able depolymerize after anaphase onset, but polymerization is inhibited. The stability of interpolar microtubules during anaphase suggests that both depolymerization and polymerization are inhibited. This difference is likely due to other proteins associated with the plus ends of these two classes of nuclear microtubules. In the case of kinetochore microtubules, kinetochore (or kinetochore-associated) proteins may regulate microtubule dynamics in metaphase and anaphase. At interpolar microtubules, midzone proteins including Ase1p, Slk19p, and passenger proteins might actually stabilize plus ends and inhibit depolymerization. In this case, the primary function of Cdc14p would be the inhibition of microtubule polymerization.
The budding yeast spindle is a prime candidate for computer modeling because of its relative simplicity compared to other eukaryotes (see Figure 1) . The low number of microtubules (about 20) in each half-spindle makes it possible to model the contribution of each microtubule polymer (34, 117) . Since only one microtubule attaches at each kinetochore, the complication of dealing with microtubule bundles is alleviated. Furthermore, the overall similarity of the yeast spindle to other eukaryotes suggests that a functional model of spindle mechanics in yeast could be translated to understand the mechanics of more complicated spindles.
To date, the most comprehensive modeling of spindle dynamics has focused on the regulation of kinetochore microtubules. Kinetochore microtubules contribute to the alignment of sister kinetochores on the metaphase plate, generate the tension needed to satisfy the spindle checkpoint, and are ultimately required for the segregation of the genome. Thus the regulation of kinetochore microtubules is fundamental to understanding the mitotic spindle apparatus as a cellular machine.
Regulation of kinetochore microtubules has been described in terms of a microtubule catastrophe gradient centered at the spindle midpoint (34) . The catastrophe gradient results in the depolymerization of kinetochore microtubules that attempt to grow across the midpoint of the spindle. This activity organizes the kinetochore microtubules of each halfspindle. Additionally, the catastrophe gradient leads to the separation of sister chromatids during metaphase as the kinetochore microtubules attached to a sister chromatid pair depolymerize away from the gradient's center at the spindle midpoint.
The catastrophe gradient does not result in complete depolymerization of kinetochore microtubules. The effects of the gradient are opposed by tension-dependent microtubule rescue. In other words, as kinetochore microtubules depolymerize the force at kinetochores increases (assuming sisters are bioriented). This tension results in microtubule rescue (i.e., a switch to microtubule growth). Regulation of kinetochore microtubule length is therefore a result of the balance of these two factors, which likewise defines the positioning of kinetochores during metaphase.
The modeling of kinetochore microtubules in terms of a catastrophe gradient and tensiondependent rescue is an elegant description of what may transpire in the cell. The combination of computer simulations based on this model with actual data from wild-type and mutant yeast cells offer validity to this approach. Complete confidence in the model will require the identification of the catastrophe gradient, and an understanding of how kinetochore and interpolar microtubules are differentially regulated (e.g., why do interpolar microtubules grow through the catastrophe gradient?).
The next question to be addressed through computer simulation is the regulation of spindle length. The answer will require increased understanding of the contributions of individual motor proteins in sliding interpolar microtubules apart to generate outward spindle force. Likewise, the opposing inward force requires further characterization. This force appears to be a composed of contributions from minus end-directed motors as well as the stretching apart of sister chromatids. As further in vitro studies of motor function and chromatin's biophysical properties unveil new details about these molecules, these parameters can be fed into models until computer-simulated data begin to match experimental observations. These models can then be further tested through the quantitative analysis of spindle changes in mutant cells.
Contributions of Chromatin to Spindle Stability and Chromosome Segregation
Microtubules, microtubule-based motors, and MAPs together form the active, forcegenerating components of the spindle machine. Therefore, extensive experimentation in a variety of systems that focuses on individual components as well as interplay among various components has yielded a wealth of quantitative data. Furthermore, the well-described biophysical properties of these prime movers have allowed scientists to build a theoretical framework that attempts to describe the principles of spindle assembly and maintenance in terms of the known properties of these active components (19, 24, 33, 85, 96) . Chromatin, especially in the centromeric regions, is an important mechanical element in mitotic spindles. The biochemical role of chromatin in ANRV361-GE42-13 ARI 27 July 2008 11:0 establishing a bipolar structure has been extensively studied. Studies in meiotic Xenopus egg extracts show that chromatin is the primary activator of the RAN pathway for nucleating new microtubules in the vicinity of the chromosomes. In acentric systems, this is a crucial step in the establishment of a bipolar spindle. Chromatin also acts as a passive element in resisting the forces generated by the opposing action at the sister kinetochores. The influence of this role of chromatin as well as its mechanical properties in spindle length regulation is evident in metazoan mitotic spindles. If chromatin as a passive resistive element is completely removed from the mitotic spindle apparatus (by deactivating kinetochores) in HeLa cells, the mitotic spindle achieves lengths that are 60% longer than control spindles (28) . Furthermore, studies in Drosophila S2 cells reveal that RNAi of Rad21, a cohesin complex subunit (Scc1), results in precocious separation of sister kinetochores, along with a 25% increase in the stable length of the mitotic spindle. In this case, although centromeric chromatin is still a part of the spindle, its mechanical properties are now altered due to defective cohesion between sister chromosomes. The mechanical properties of pericentric chromatin remain virtually undefined. The simplicity of the mitotic spindle and centromere architecture in budding yeast provides the ideal opportunity to discover and measure the mechanical properties of pericentric chromatin most relevant to spindle mechanics. Recent experimentation in this direction (10) has revealed some striking, quantitative information about the importance of DNA compaction in regulating spindle length. Importantly, this work also gauged the role of DNA properties directly against microtubule-based motors in deciding the steady-state spindle length in budding yeast. In combination with direct in vitro measurements of the biophysical properties of yeast chromatin, such in vivo experimentation constitutes a promising approach for defining the role of chromatin as an essential mechanical element of the mitotic spindle.
WEAK MACHINES AND ENTROPIC MACHINES
How powerful is the spindle from a mechanical perspective and how does it compare to other nanomachines? The performance of a machine over a range of sizes can be compared by power output/volume (88, 89) . This measure relates force and velocity to volume to reveal how concentrated force generators are. The bacterial flagellum has a power output per volume of 10 8 erg sec −1 /cm 3 . Muscle is 10 6 erg sec −1 /cm 3 and a eukaryotic flagellum is 10 5 erg sec −1 /cm 3 . The grasshopper spindle is 6 erg sec −1 /cm 3 . The power output of the spindle is five orders of magnitude less than muscle and eight orders of magnitude weaker than the bacteria flagellum. Why is the spindle so weak? What must we consider in understanding the biological role of such a relatively powerless machine?
Although relatively weak, the forcegenerating systems are sufficient to deform mitotic chromosomes into their characteristic "V" upon anaphase onset. This likely reflects the relatively soft nature of the chromosome (easily deformable) relative to their viscous surroundings. The rate of chromosome movement is more diagnostic of the strength of the spindle. Chromosomes move to spindle poles on the order of microns/minute (86, 97) . Motor proteins such as kinesin or dynein translocate microtubules on the order of microns/sec. The spindle sacrifices speed to prevent shear force that might damage DNA as well as for accuracy of segregation (88, 89) . These early mechanical manipulations revealed that velocity was independent of chromosome size, or load-independent, and led to influential models that invoked a "velocity-governor" regulating chromosome movement. This velocity-governor could be produced by microtubule depolymerization.
An alternative hypothesis proposes that chromosome flexibility regulates the rate of chromosome movement (107) . In this view, the second major polymer of the spindle, namely DNA/chromatin, contributes more directly to mechanism of force generation. Using a model (107) found that for stiffer chromosomes, velocity is not independent of length. Although these studies have no direct experimental correlate, they promote the idea from the modeling side to consider additional sources of force in the spindle. Studies examining chromosome breakage in mutants lacking topoisomerase II have indicated that short chromosomes are less entangled than long chromosomes (116) . Perhaps there is a difference in the stiffness of short vs long chromosomes as well.
Several observations are indicative of forces of unknown origin in the spindle. One is hinged mitosis (90) . Stress on one bundle of kinetochore microtubules results in bending of kinetochore microtubules on adjacent chromosomes. Thus kinetochore microtubules of adjacent chromosomes are mechanically linked (90) . Another recent finding is a radial expulsion force in the spindle (136) . The pericentric chromatin is radially displaced from the central spindle and kinetochore microtubules by 40 nm in budding yeast (136) . The idea that microtubules generate a force that is linearly transduced through sister chromatids is not tenable. This machine is working not just through a viscous milieu, but more likely through a complex network of cross-linked entropic springs (chromatin) and cross-linked stiff compression elements (microtubules). Nonkinetochore proteins, such as SMCs, MAPs, and motors undoubtedly contribute to the mechanical properties of the mitotic spindle.
ADDITIONAL ROLES FOR MICROTUBULES: PROTEIN TRANSPORT CONDUITS
While microtubules clearly play an essential role in the structure of the spindle, they also provide conduits to transmit information. This happens mechanically through the transmission of forces. For instance, when one end of a microtubule is pulled, the opposing end "senses" a tug. The strain associated with that pulling force may result in partial deformation of proteins, resulting in changes in binding sites and/or binding affinity of associated proteins. In this way, a signaling pathway is transduced through mechanical force.
Additionally, microtubules may also function as roadways that allow for directed transport of proteins functioning in signaling roles. Signaling pathways can occur through interactions of soluble, diffuse proteins in the cell, but the transport of signaling molecules along a microtubule provides for a more highly regulated method of directing a signal to a particular site.
One example is found in the passenger proteins, which relocalize from the inner centromere to the spindle midzone following anaphase onset. In mammalian cells, INCENP, Aurora B kinase, Survivin, and Borealin are passenger proteins that play multiple critical functions during mitosis (108) . Mutations in these proteins result in errors in chromosome attachment, spindle abnormalities, and errors in cytokinesis. The dramatic relocalization of these proteins from the inner centromere to the spindle midzone likely reflects different functions of passenger proteins during mitosis, and highlights the importance of microtubules for the directed transport of these proteins to the midzone in late mitosis, where they function in cytokinesis.
In budding yeast, the passenger protein homologs also localize to the spindle following anaphase onset. Additionally, the inner kinetochore complex CBF3 has been found along microtubules during anaphase and at the midzone in late anaphase. Deletion or mutation of passenger proteins has resulted in phenotypes including spindle stability defects and delayed spindle disassembly (11) . Mutation of NDC10, a CBF3 component that localizes the spindle in a Survivin-(Bir1p) dependent manner, results in defects in both spindle stability and cell division. Thus the transport of these proteins to the midzone in yeast is similarly important for proper completion of mitosis. Is the yeast spindle comparable to one mammalian kinetochore? (a) The segregation apparatus in budding yeast is composed of kinetochore and interpolar microtubules ( green) and pericentric chromatin organized into C-loops of intramolecularly paired chromatids (136) . Sister centromeres are separated by an average of 800 nm in mitosis (97) , and are clustered into a single diffractionlimited spot in mitosis. (b) Longitudinal section through a HeLa cell in prometaphase (109a). The trilaminar structure of a mammalian kinetochore is marked by the orange and red dots. Multiple attachment sites may be clustered whether they are on separate chromosomes (as in budding yeast) or within a single chromosome (as in the Hela cell shown here).
CONCLUSIONS: SPECULATION AND FUTURE DIRECTIONS
A unifying way to relate lessons learned from studying mitosis in budding yeast is to consider the yeast mitotic apparatus as one mammalian kinetochore (see Figure 5) . The kinetochores from 16 chromosomes are clustered into a single diffraction-limited spot in mitosis; with sister kinetochores separated on average by approximately 800 nm, similar to the arrangement sister kinetochores of one mammalian kinetochore. Multiple attachment sites may be clustered whether they are on separate chromosomes (as in yeast) or within a single chromosome (as in mammals). In budding yeast, the path of pericentric DNA is an intramolecular loop that extends from the longitudinal axis of the chromosome, axially to the plus end of the kinetochore microtubule ( Figure 5 ) (136) . While we do not know whether the path of pericentric DNA in yeast informs us to the path taken in other organisms, we must clearly consider the chromosome segregation apparatus as a composite structure of two biopolymers, DNA loops and microtubules. C-loops provide the compliant linkage between stiffer kinetochore microtubules, as well as a physical mechanism for biorientation of sister kinetochores. The forces generated upon relaxation of DNA to a random coil are small indeed. However, the forces that move chromosomes are also very small (87, 88) . In proposing new perspectives from a composite mitotic segregation apparatus of DNA and microtubules, one lesson from the physical properties of these polymers is the role of entropic forces. Entropy is sufficient to drive the segregation of highly confined polymers, and has been postulated to contribute to chromosome segregation in E. coli (55) . Entropy may contribute to segregation of chromosome arms in eukaryotic cells. Perhaps the spindle is weak because its job is to provide just enough force to overcome thermal motion and bias centromeres to opposite spindle poles. Once centromeres reach their pole, dissolution of the remaining mechanical linkages between sister chromatids allows each strand to reptate toward its respective centromere.
As we delve into the underlying principles of complex functions, we must consider the physical properties of the molecules involved. In the case of chromosome segregation, elaborate signal transduction mechanisms have evolved to ensure high-fidelity segregation. The forces to move chromosomes are extremely weak and very likely involve entropic elasticity of freely jointed chains (i.e., DNA).
SUMMARY POINTS
1. The mitotic spindle is a composite structure of rigid microtubule struts that are strong in compression and elastic pericentric chromatin that is strong in tension.
2. The kinetochore is a proteinaceous structure bridging the two major polymers of the mitotic segregation apparatus.
3. Microtubule-based motor proteins can act as microtubule cross-linking proteins and microtubule depolymerases to generate force and regulate microtubule length and dynamics in the mitotic spindle.
4. DNA is an entropic spring. In the absence of force, DNA will adopt a random coil whose dimensions are dictated by the persistence length and contour length of the DNA molecule.
5. Pericentric chromatin is organized into an intramolecular loop in mitosis. This loop reflects intrastrand interactions within a single sister chromatid.
6. Both chromatin and microtubules contribute to spindle stability and length control.
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